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A correlation between the grain orientation and the out-of-plane magnetic properties of
nitrogen-enriched polycrystalline austenitic stainless steel surface is performed. Due to the
competition between the magnetocrystalline anisotropy, the exchange and dipolar interactions, and
the residual stresses induced by nitriding, the resulting effective magnetic easy-axis can lay along
unusual directions. It is also demonstrated that, by choosing an appropriate stainless steel texturing,
arrays of ferromagnetic structures with out-of-plane magnetization, embedded in a paramagnetic
matrix, can be produced by local plasma nitriding through shadow masks. © 2010 American
Institute of Physics. doi:10.1063/1.3453567
Developments in stainless steels are leading to function-
alities which are progressively broadening their applications
into more advanced end products like force transducers or
impellers for centrifugal compressors.1 Diverse surface
treatments are employed to enhance the properties of auste-
nitic stainless steels ASSs, which often result in the forma-
tion of other phases, such as martensite rolling2 or ex-
panded austenite after nitriding at moderate temperatures.3–5
The expanded austenite exhibits improved hardness,6 wear
resistance,7 and fatigue resistance.8,9 Remarkably, both of
these induced phases are ferromagnetic at room temperature,
in contrast to ASSs which are paramagnetic.10–12 Neverthe-
less, relatively little is known about the magnetic properties
of the expanded austenite. Both mechanical13,14 and ion
beam nitriding15 have been exploited to locally generate fer-
romagnetic structures on ASSs i.e., magnetic patterning.
However, only in-plane magnetization has been demon-
strated up-to-date in these magnetic patterning methods. No-
tably, for many applications e.g., magnetic recording,16 out-
of-plane magnetization would be favorable.
A mirror-polished rectangular specimen 2218 mm2 of
316L-type polycrystalline ASS has been plasma-nitrided at
400 °C for 30 min.17,18 This results in a 0.8 m thick
nitrided layer with a concentration of nitrogen in the first
0.1 m of about 25 at. %.19 For the magnetic patterning, a
5 m thick and 3.05 mm in diameter 1500 mesh Cu trans-
mission electron microscopy TEM grid with 11.5
11.5 m2 square holes in a 16.5 m pitch is placed as a
mask at the sample surface and it is mechanically held by an
especially designed Ti holder with a rectangular-shaped hole
with wedged edges to minimize shadowing effects. The crys-
tallographic orientations of the grains after nitriding have
been determined by means of electron backscatter diffraction
EBSD on a scanning electron microscope JEOL 6100,
equipped with an orientation imaging microscopy system.
The probed depth in EBSD measurements is typically
0.1 m and the uncertainty on the orientation is around
0.5°.20 Determination of the crystallographic orientations
from EBSD patterns has been performed considering a face-
centered cubic fcc structure since the nitrided regions retain
the structure of the host austenite21 with an expanded lattice
parameter.22 Atomic force microscopy /magnetic force mi-
croscopy AFM/MFM, Veeco/DI Dimension 3100 imaging
has been used to examine the surface topography and the
local magnetic domain structure, respectively. Note that the
MFM images have been recorded in samples not previously
exposed to any magnetic fields. The magnetic properties of
the homogeneously nitrided areas and the patterned regions
have been determined by polar magneto-optical Kerr effect
MOKE magnetometry Durham Magneto-optics. Namely,
the direction of the applied magnetic field coincides with the
normal direction ND to the sample surface i.e., out-of-
plane. Since the employed laser spot of the MOKE appara-
tus has been focused down to a diameter of 5 m and the
investigated samples have an average grain size of 50 m,
the magnetic behavior of individual grains has been deter-
mined.
The virgin ASS 316L grains do not show any ferromag-
netic signal, confirming their paramagnetic character. After
nitriding, they become ferromagnetic which is related to the
formation of expanded austenite. This is demonstrated in Fig.
1 gathering the magnetic response of four representative in-
vestigated grains. The magnetic response of the sample de-
pends distinctly on the measuring location, i.e., on the inves-aElectronic mail: enric.menendezdalmau@fys.kuleuven.be.
APPLIED PHYSICS LETTERS 96, 242509 2010
0003-6951/2010/9624/242509/3/$30.00 © 2010 American Institute of Physics96, 242509-1
Downloaded 23 Jan 2012 to 161.111.180.191. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
tigated grain. Although nitrogen concentration profile
depends on crystalline orientation, the differences are small
close to the surface.23 Since MOKE probes the first tens of
nanometers, the effect of the nitrogen concentration on the
obtained magnetic results is minimized. A large variety of
behaviors is observed, such as a sheared shape loop with
relatively small coercivity HC Fig. 1a, grain A, square-
like loops with a high remanence and a moderate HC Fig.
1d, grain D or unusual loop shapes Figs. 1b and 1c,
grains B and C. These indicate that the ND to the sample
surface of the grains see Fig. 1e is oriented differently
with respect to the magnetic easy-axes. Therefore, while the
orientation of grain D would be close to an easy-axis, grain
A would have a more hard-axis behavior. Unfortunately, the
easy-axis directions for expanded austenite are unknown.
This fact together with the concomitant exchange and dipolar
coupling between grains and the plastic deformation induced
by nitriding24–26 make the analysis of the loops rather com-
plex. Nevertheless, the stepped loops for grains B and C may
arise from the presence of two competing anisotropies, e.g.,
cubic perhaps intrinsic to the expanded austenite and
uniaxial e.g., due to residual strain and a measuring field
away from the easy-axes.27,28 The crystalline orientation of
grain A is close to 001, and relatively close to 111, and
101 for the grains B and C. The orientation of grain D
214 is far from the directions of low indices. Thus, the
magnetic and structural measurements indicate that the effec-
tive easy-axis is not along the 111 direction, as expected
for fcc materials,29 but lies along unusual directions as a
result of interactions and multiple easy-axes.
Concerning the patterned areas, a regular array of 11.5
11.5 m2 square-shaped ferromagnetic structures embed-
ded in a paramagnetic matrix is generated see Fig. 2. Note
that grains with diverse crystallographic orientations have
been patterned and, similarly to the homogeneously nitrided
case, the magnetic response varies from grain to grain Fig.
2b. Since the surface sputtering is virtually negligible dur-
ing the plasma nitriding at the floating potential, the topog-
raphy is due to the swelling phenomenon induced by the
nitrogen incorporation with an average value of 200 nm. In
the patterned region, the non-nitrided areas should be also
slightly expanded due to the lateral diffusion of nitrogen.
Nonetheless, as it can be seen in the MFM image of Fig. 2,
the lateral diffusion does not enlarge sufficiently the lattice
cell to make it become ferromagnetic. The lack of MFM
contrast between the entities demonstrates the confinement
of the magnetic patterning. In the patterned area, the corre-
lation between the magnetic behavior Figs. 3a–3c and
the crystallographic orientations Fig. 3d is similar to the
one observed in the homogeneously nitrided region. Namely,
FIG. 1. Color online a, b, c, and d individual polar MOKE mea-
surements of grains A, B, C, and D, respectively. e EBSD map of the
investigated area showing the crystalline orientation of the grains according
to the ND of the sample surface. The color code is presented by the associ-
ated inverse pole figure, see inset of panel e. M, MS, and Happlied stand for
magnetization, saturation magnetization and applied magnetic field,
respectively.
FIG. 2. Color online Surface topography a and magnetic domain con-
figuration b, determined by AFM and MFM, of an ASS surface area ni-
trided through the mask. The scale bar represents the surface height.
FIG. 3. Color online a, b, and c individual polar MOKE measure-
ments of grains E, F, and G, respectively. d EBSD map of this area which
shows the crystalline orientation of the grains according to the ND of the
sample surface with an inserted ND inverse pole figure presenting the color
code. e MFM image of the investigated area.
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while grain G close to 001 exhibits a hard-axis behavior
Fig. 3c, grains E orientation close to that of grain D and
F close to 111 show a somewhat high remanent magne-
tization and a rather large coercivity, see Figs. 3a and 3b,
implying that their orientations are closer to that of an easy-
axis. Further evidence for the correlation between crystalline
orientation and magnetic response can be found from the
MFM image Fig. 3e. Grain G shows no clear magnetic
contrast, probably indicating that the magnetization lies in-
plane and no domain wall can be observed within the field of
view. This is compatible with the hard-axis behavior of the
polar-loop of this grain see Fig. 3c. Grains E and F both
exhibit stripped magnetic domains typical of out-of-plane
magnetization. However, the periodicity and the morphology
of the domains are quite different note that, while grain E
shows stripe domains, grain F evidences labyrinth-shaped
ones. The different domain morphologies result mainly from
the balance between exchange, anisotropy, and dipolar ener-
gies and are highly dependent on the magnetic field history.30
Thus, the change in domain morphology in our case is prob-
ably due to the different degree of alignment of these grains
with the effective easy-axis. In contrast to the patterned area
of Fig. 2b, the ferromagnetic entities shown in Fig. 3e are
slightly interconnected possibly due to a misalignment e.g.,
poor mask-sample contact of the TEM grid with the sample
surface at this location. Interestingly, in the patterned sample,
the fields necessary to saturate the magnetization and the
coercivities are larger compared to those of the homoge-
neously nitrided sample e.g., HC181 Oe for grain
B-homogeneous area and HC242 Oe for grain F-patterned
area. This is expected since the edges of the patterns can pin
the domain walls making the magnetization reversal by do-
main wall movement more difficult.31 Furthermore, the
change in the crystallographic orientation due to nitriding,32
clearly observed in Fig. 3d, renders a even more compli-
cated interplay between the domain walls and these edges.
In summary, magnetic properties of individual grains of
homogeneously and patterned plasma-nitrided polycrystal-
line ASS 316L have been investigated by means of EBSD,
MOKE, and AFM/MFM. The magnetic response of grains is
correlated to the crystallographic orientation. Grains oriented
close to 001 exhibit mainly in-plane magnetization while
grains with orientations close to 111 or 101 have a more
pronounced out-of-plane response. Remarkably, the resulting
effective magnetic easy-axis is not 111, as expected for fcc
materials, but an unusual direction. This could be due to the
interplay between the magnetocrystalline anisotropy, the ex-
change and dipolar interactions between the grains, and the
residual stresses induced by the nitriding process. In addi-
tion, it is shown that by an appropriate choice of the initial
stainless steel texturing in combination with nitriding
through shadow masks can be used to fabricate patterned
magnetic materials with out-of-plane magnetization. This
could pave the way for a potential simple method to fabricate
magnetic devices.
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